Background
Results
Overall most of our participants were able to correctly distinguish the positive from the negative samples, but we occasionally observed also false-positive results for the immunological detection of C-reactive protein. For the semi-quantitative results of C-reactive protein we observed an overall median difference below 5% except for dry chemistry methods (� 21%). For procalcitonin two manufacturer collectives showed a good comparability, while one manufacturer detected up to 42% higher results. The coefficients of variation are promising for both analytes even though they surpass the manufacturer's indication for some collectives. The performance of individual laboratories during the analyzed period was more stable for C-reactive protein than for procalcitonin.
Conclusion
In-vitro diagnostic testing for C-reactive protein and procalcitonin showed promising results in our EQAs but still further improvements are needed. We recommend stepping up PLOS 
Introduction
Laboratory testing is an important tool in modern medical diagnostics. The identification and detection of clinically useful marker molecules has a particularly strong impact on patient management [1] . Using circulating biomarkers, such as C-reactive protein (CRP) and procalcitonin (PCT), to accurately diagnose, manage and treat infection-induced inflammatory diseases, like sepsis [2] and pneumonia [3] , is a highly researched medical field. CRP is an acute-phase protein that is produced in the liver in response to tissue injury and inflammatory events of all types of etiology [4] [5] [6] . It has been widely used in European emergency departments (ED) as a biomarker to screen for the presence of inflammation or infectious disease [7] , particularly in pediatrics [8] .
PCT, a precursor of calcitonin, is a hormone that is released in response to significant systemic inflammation, mainly following bacterial, fungal and parasitic infection [9] .
Serial measurements of both proteins are commonly used to monitor the effectiveness of antimicrobial therapy and in follow-up measurements of infection [10, 11] . Therefore, it is crucial that the protein's test methods work as accurately as possible in order to ensure that such clinical biomarkers retain their usefulness in patient management.
The use of internal and external quality control programs is an important tool to continuously monitor the quality of such laboratory measurements, not only to ensure the general quality of laboratory diagnostics and, thus, the health of the patient, but also due to an increasing pressure to reduce costs by improving quality [12] . The Society for Promoting Quality Assurance in Medical Laboratories (INSTAND e. V.) has managed external quality assessment schemes (EQAs) in the field of laboratory diagnostics since 1968 and is one of only three officially appointed reference institutions in Germany.
Despite the high number of multi-center trials and pro-and retrospective analyses of the diagnostic value of CRP and PCT, studies comparing the diagnostic quality of both parameters over a longer period of time are still pending. In this paper, we analyze the quantitative and qualitative results obtained from EQAs conducted over a five-year period for CRP and tenyear period for PCT. In addition to reporting on passing rates and measurement quality, coefficients of variations are used for interlaboratory comparability of the test results.
Methods

External quality assessment procedures at INSTAND e.V
The data from the EQAs was obtained from regular EQAs in Europe. Each EQA participant receives one positive and one negative sample per analyte. Participants can report the qualitative and quantitative results of the CRP detection, while, in the case of PCT, semi-quantitative results can also be provided as well as a diagnostic comment on each sample (data on diagnostic comments not analyzed).
To analyze CRP testing, the EQA expert formed method-specific collectives and took into consideration an evaluation area of 20% around the median for the quantitative results in accordance with the guidelines for medical laboratories issued by the German Medical Association [13] . The evaluation for quantitative PCT was manufacturer-specific with an evaluation range that changed from 30% to 25% within the timeframe. With respect to the qualitative results, the participants had to indicate whether the samples were positive, borderline or negative; for the semi-quantitative results they could report ranges.
Sample material
The positive samples consist of pools of retained native patient materials, while the negative samples are taken from voluntary blood donors. The samples were tested negative for HIV, HBV and HCV. No stabilizing additives were added [14] . Homogeneity of each sample batch was tested according to DIN EN ISO/IEC 17043:2010-05 before the samples were used in the corresponding EQA [15] . The patient's informed written consent is available for the project. A positive vote from the ethic committee of the Goethe University of Frankfurt (Main) has been obtained for samples of voluntary blood donors, whereas in Germany no ethics vote is necessary for the use of retained patient samples.
Data evaluation and statistics
We evaluated 20 PCT EQAs that were organized by INSTAND e.V. between 2008 and 2017 and 20 CRP EQAs conducted between 2013 and 2017. The CRP evaluation was method-specific (S1 Table) , whereas the PCT evaluation was manufacturer-specific (S2 Table) . The manufacturers were pseudonymized and the codes are listed at https://www.instand-ev.de/no_ cache/en/eqas-online/service-for-eqa-tests/. The groups can be filtered for EQA 320 (PCT) or EQA 322 (CRP). A term and analyte must then be selected. The manufacturer codes can be found below the statistical data in the box "reagent" ("r").
Values that exceeded the calibration curve by more than 20% were excluded from the analysis because they were most likely transcription errors or methodical outliers. When analyzing the method and manufacturer collectives, we corrected obvious errors resulting from sample swaps so they would not distort the general quality of the test results. In order to evaluate the qualitative performance of the EQA participants, no corrections were made when analyzing whether the positive sample was correctly identified. We used cut-off values of 5 mg/l for CRP [16, 17] and 0.5 ng/ml for PCT [18, 19] .
Finally, we compared the results of individual laboratories with the median of all participants to evaluate performance over several EQAs (S3 Table) . We chose the participants based on their collectives and made sure that they used the same reagents for all EQAs wherever possible.
Basic statistical analyses were performed using SigmaPlot13 from Systat Software Inc. (Erkrath, Germany) and jmp from SAS Institute (Cary, North Carolina, USA).
Generation of images
The overlay images were generated using the Gnu image manipulator software 2.8.1.
Results
Initial diagnosis and passing rate
We examined 20 EQAs for both analytes. Each CRP EQA involved around 370 laboratories, while the number of participants of the PCT EQAs increased from 100 to around 200. In terms of qualitative results, over 95% of the participating laboratories were able to correctly discriminate between positive and negative samples when cut-off values of 5 mg/l for CRP [16, 17] and 0.5 ng/ml for PCT [18, 19] were applied. The primary source of error was sample swapping. In November 2008 there was no negative sample present for PCT (Fig 1) .
The general passing rates for the quantitative results were, however, lower, ranging from 80% to 90% for CRP and from 64% to 90% for PCT (Fig 2) .
Analysis of method-based distribution for quantitative CRP results
In the next step, we evaluated the method-specific distribution of the quantitative CRP results. Since more than 90% of our participants used a method based either on immunoturbidimetry, nephelometry, immunological detection or dry chemistry, we focused on these four collectives when evaluating the timelines and analyzing the coefficient of variation.
In the negative samples (Fig 3A) , nearly all collectives remained below the defined reference are for a non-septic patient (5 mg/l) [16, 17] . The immunoturbidimetric collective exhibited the lowest results (mostly below 2 mg/l) and the lowest scatter of values. Up to 25% of the participants of the immunological and the dry chemistry collectives overestimated their results from time to time.
Starting at the end of 2016, the four methods began aligning better in terms of the results for the positive samples ( Fig 3B) . The median values of three of the four collectives differed by under 5%. The only exception was the dry chemical approach, which led to 7 to 20% higher median test results. Value distribution for the immunological and dry chemical methods tended to be very wide in the past, especially in 2014, however this discrepancy has decreased since 2016. As a result, we observed a clear alignment of all test methods used in the EQAs. To get a better impression of the interlaboratory comparability of the different methods, we calculated coefficients of variation (CV) for each collective (Fig 3C) . The nephelometry collective achieved the best results, with CVs primarily below 20% with only three exceptions. Interestingly, this is the only collective with low CV results in October 2016, while the other methods clearly exceeded a CV of 40%. The participants using immunoturbidimetry usually exhibited slightly higher CVs than those using nephelometry but remained around or below 20% most of the time.
For the other two collectives, a wider spread of box plots already indicated a poorer interlaboratory comparability of these methods, with CVs confirming this suspicion. This especially remains true for the participants using immunological methods whose CVs were just under 20%.
Analysis of manufacturer-based distribution for PCT
We analyzed the PCT data based on manufacturer collectives. Seventy-five percent of participants used test systems from one of the three manufacturers r014, r082 and r149. The other 25% used various tests from a variety of manufacturers and are therefore consolidated under "other manufacturers".
For the negative samples (Fig 4A) , more than 90% of all participants showed values below the clinical cut-off for the diagnosis of a systemic infection (0.5 ng/ml) [18, 19] . The collective "other manufacturers" displayed the widest value distribution.
The situation was completely different for the positive samples (Fig 4B) . The manufacturer collective r014 clearly exceeded the other three groups. The median of this collective differed by 17-33% from the median values of the other participants with one exception in October 2014, where they were even 42% apart. The collectives r082 and r149 were well aligned and presented nearly identical value distributions, although the r149 collective seemed to show a slightly better interlaboratory comparability (Fig 4C) . The r149 collective stayed below a CV of 20% for all but one EQA. The collectives r014 and r082 were relatively comparable and their CVs often remained below 20%. Until October 2014, their CVs were usually up to 10% worse than those of r149, but since April 2015 the interlaboratory comparability of the three main collectives has nearly aligned. The higher CVs of the "other manufacturer" collective were due to the large number of different in vitro diagnostics providers within this group. Nevertheless, all collectives show the same trends for the CVs for each sample.
The performance of individual participants in several EQAs
As a next step, we wanted to see whether the observed differences between the collectives remained constant for several independent measurements conducted in individual laboratories and whether external quality control had any influence on the general performance of these laboratories. We compared the CRP values of four different participants (Fig 5A) and the PCT values of three participants (Fig 5B) to the general median values of all participants combined. The participants were chosen based on their collectives and their continuous usage of the same method or reagent for all EQAs wherever possible.
In the case of CRP, three of the four laboratories showed value fluctuations that were to be expected based on the CVs observed in Fig 2C. The results also revealed a wavelike distribution around the median over the observed time period. Laboratory 3 (immunological methods) deviated greatly from the overall median at the beginning of 2013, but its values were more consistent in later EQAs, with one exception in January 2015.
For PCT, the manufacturer-dependent differences observed in Fig 3B are clearly visible for the three observed laboratories. Participant 5 (r014) showed higher values than the other two laboratories. Interestingly, the results for laboratories 6 (r082) and 7 (r149) only align in some EQAs, although their manufacturer collectives showed a good comparability (Fig 4B) . Furthermore, the wavelike patterns of the results usually remain above or below the average median of all participants and are not distributed around it, as we observed for CRP.
Discussion
The specific diagnosis, clinical differentiation and reliable monitoring of inflammatory and infectious diseases continues to reveal a plethora of challenges in daily practice. Therefore, researchers have made many efforts to identify one or more biomarkers that could help to better distinguish inflammation and infection and to effectively monitor the effectiveness of therapy during antibiotic treatment [20, 21] . The two most prominent proteins, CRP and PCT, are used as routine markers in clinical practice, but their use as inflammation and infection markers and as possible markers for the clinical success of the antibiotic treatment is still controversial [21] [22] [23] .
This paper is the first to analyze the general performance of in vitro diagnostics for CRP and PCT in external quality assessment schemes (EQAS). The analysis offers an independent evaluation of the overall performance of the corresponding test methods since all participants in an EQA receive the same sample material. One of the EQA's tasks is to distinguish between positive and negative samples. We used cut-off values of 5 mg/l for CRP, since the reference range for a non-septic adult is < 5 mg/L [16, 17] and 0.5 ng/ml for PCT since this concentration is used in various algorithms for monitoring sepsis [18, 19] .
Fortunately, over 95% of our participants were able to correctly diagnose the positive and negative samples. However, the quantitative results are of critical importance as both markers are used for follow-up in the diagnosis and stewardship of various infectious diseases. Unfortunately, the quantitative results are not as good as the qualitative ones.
For CRP, the value distribution of all participants is comparable, with overall median differences below 5%. The dry chemical method is the only exception as it yielded median values that were between 7 and 21% higher. In addition, the immunological and dry chemical approaches showed false positive results up to 25% of the time for the negative sample. These findings correlate with published results of immunoassays with relatively high false-positive rates due to non-specific binding [24] .
Although we observed relatively small box plot ranges, the CVs in our analysis still differ from the manufacturer's specifications. Nearly all suppliers indicate an interlaboratory CV of below 10% or even 5% for their test systems. In our EQAs, only the nephelometric collective was able to achieve these low deviations, whereas the immunoturbidimetric and the dry chemical methods usually had a CV of around 20% and the immunological methods a CV of 20 to 30%. Even if these CV are lower than the ones, we observed previously for allergy diagnostics [25, 26] , they could have a diagnostic impact: A decrease in CRP of at least 25% compared to the patient's previous test result is considered a good indicator of sepsis resolution. With a variation potential of up to 30% for the immunological methods, the clinically relevant decline might be indicated by the uncertainty the tests alone. This shows that there is still room for improvement with respect to interlaboratory comparability, especially for the immunological methods, although the general development of the results is promising. Nevertheless, we would currently recommend excluding immunological methods from progress monitoring of serious infections, since the standard tests are more sensitive and reliable.
A vast number of publications compare different PCT test systems, but the results are controversial since a good comparability of two test systems is either confirmed [27] or refuted [28, 29] . These differences are often argued as being based on the patient pool selected for each analysis.
In our publication we were able to show that two manufacturer collectives align quite nicely, while the collective r014 has median values that are, on average, 27% higher for each EQA (Fig 3B) . Since a decline in PCT levels by at least 30% is a good indicator for the improvement of the inflammation [30] , our results reinforce the statement by Schuetz et al. that PCT levels "should always be discussed in the context of the clinical setting and the technical performance of the corresponding test system" [30, 31] . This statement gains further weight as we have observed a change in the test system of several participants in recent years. If laboratories keep these old devices as standby units, this might result in serious outcomes for the patient unless the device-specific measurement ranges are considered and communicated to the attending physician.
Fortunately, this difference did not affect the detection of the negative samples, where many participants identified values below 0.1 ng/ml. Several algorithm-guided PCT studies define this concentration as the point where an infection is very unlikely [31] . Our data shows that the sensitivities of the individual test systems are sufficient to reliably detect this threshold.
The manufacturers of the PCT assays specify different CV values for the interlaboratory comparability of their test systems, with 16% being the highest. We observed that all three primary collectives usually remained below this threshold, however, from time to time the CVs of each collective peaked as high as 25%. These peaks do not correlate with the PCT concentrations and we could not see any differences connected to the batch of the test kits our participants used. A matrix effect is unlikely, since our samples are native serum samples without any additives. Furthermore, our samples are thoroughly tested for homogeneity according to DIN EN ISO/IEC 17043:2010-05 [15] and we could not observe any abnormality in the corresponding samples.
Taken together, we observed a better reproducibility of the CRP measurements compared to the PCT values. This may be due to the fact that the clinically relevant analyte concentrations differ by several orders of magnitude (CRP [mg/L]; PCT [ng/ml]). Furthermore, CRP has been known for a longer period of time and in vitro diagnostic tests have undergone evaluation in more research studies.
Another reason for the performance differences between the two markers could be that Rili-BÄ K stipulates mandatory participation in CRP-EQAs in Germany while it is mainly voluntary for PCT [13] . Participation in EQAs is a useful tool for identifying potential problems in the laboratory process and provides an independent overview of the current testing devices. Our observation of the performance of individual laboratories supports this hypothesis, as the overall performance of the four CRP laboratories was more stable over the observed period of time than the performance of the three PCT laboratories. In addition, our results once again confirm the benefits of external quality testing of laboratory performance, as individual participants achieved better and more comparable results in the EQAs following a false EQA result. Therefore, we recommend that EQAs become mandatory for PCT to further improve the diagnostic strength of this marker.
Another way to improve the diagnostic accuracy of the test systems would certainly be to develop reference measurement procedures that would provide a reliable system for generating calibrators with a high accuracy and a low uncertainty of defined magnitude [32, 33] . Since 2001, an IFCC-certified reference material and a protocol for reference methods based on immunoturbidimetry or nephelometry [34] have been established for CRP. Nevertheless, they do not seem to have been fully evaluated or accepted, since RiliBÄ K still recommends the use of a method-specific target value instead of the reference method value for the evaluation of CRP-EQAs [13] . Furthermore, a recent publication by Wu et al. tested the ICFF CRP reference material ERM-DA474 in five different analytical assays and found significant variations between these tests even after recalibration [35] . This analysis is an additional indication that higher accuracy is needed to distinguish between minor changes and to thus increase the diagnostic strength of the test systems. Furthermore, current CRP test methods can no longer be considered to be cutting-edge metrological procedures since protein analysis and quantification via mass spectrometry are already possible.
There are a few publications that compare the current detection methods to mass-spectrometric analysis. Williams et al. showed that the immunometric assays and a one-peptide based mass spectrometric approach presented at least good correlation despite a value difference of one order of magnitude [36] . Alternatively, isotope diluted mass spectrometry (IDMS) is frequently used as a reference measurement procedure, particularly for small molecules and analytes [37] . We have already been able to show the applicability of an LC-IDMS approach for HbA1c [38] and Kilpatrick and Bunk revealed promising results for an LC-MS/MS approach for detecting CRP using an affinity purifying procedure [33] . They have also successfully generated a (15) N-CRP as an internal standard for IDMS [39] , but unfortunately research on reference measurement methods have yet to yield any new information.
Unfortunately, there is currently no reference method for detecting PCT in serum. This is certainly another reason why results are more comparable for CRP in our EQAs.
Taken together, the EQA results for CRP show an overall comparability of the median results even though the immunological methods are still in need of some improvement. For PCT, we observed a manufacturer-dependent difference in median values of around 27% for manufacturer r014 compared to the rest of the participants. The distribution of values can still be improved for both parameters, as indicated by the coefficient of variation. Unfortunately, it is not possible to indicate a method with the highest accuracy for either analyte, since a reference measurement method for PCT is still outstanding and the currently accepted method for CRP is no longer a cutting-edge metrological process. We recommend stepping up research on reference measurement methods for both analytes to enhance the accuracy and diagnostic strength of the test systems. Furthermore, participation in PCT-EQAs should become mandatory as well in order to further improve the general quality of individual laboratories. This might only have a small impact on an individual patient but is most certainly of utmost importance for comparing and validating clinical studies, especially on a multi-center basis. 
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